The Higgs effective potential with temperature corrections is considered and different cases of scalar field symmetry state are discussed within nonsingular cosmological models in gauge theories of gravity. It is shown that either nonsingular inflationary or oscillating solutions can be obtained.
Introduction
Models with a scalar field as matter source play an important role in modern cosmology. According to Grand Unified Theories (GUTs) scalar fields appear at high temperatures and may in some cases dominate the energy density of the Universe at the early times of its evolution. Inflationary models [1] - [4] , that are based on studying scalar field dynamics in the early Universe have made a great impact on the whole cosmology due to simple predictions such as flatness and scale-invariant spectrum of initial perturbations. From the other hand, within the framework of inflationary models, a number of problems of Big Bang model could be solved, namely the problem of homogeneity and isotropy, the magnetic monopole problem, etc [4] . The Big Bang model based on Friedmann solutions of General Relativity (GR) field equations possesses an initial state with infinite values of curvature, energy density and pressure, so called initial singularity. According to Penrose-Hawking theorems [5] - [6] GR manifolds, in general, are geodesically incomplete, and it leads to space-time singularities. Unfortunately, inflationary models suffer the same problem [7] . It is a wide-spread opinion that either a quantum gravity or a more fundamental theory, such as string theory will provide a solution of singularity problem. However, neither quantum gravity nor string theory does exist as a self-consistent theory.
When departure from a Riemannian spacetime is allowed, the geometry becomes more general, such as affine geometry with torsion and nonmetricity in addition to curvature tensor. A review of gauge theories of gravitation (GTG) in such spacetimes can be found in [8] . This could happen for example during the inflationary stage where in addition to the metric tensor a scalar dilaton [9] induced by a Weyl geometry appears. In low energy limit in supersting theories 4-dimensional spacetime could be also more general than riemannian one [10] .
GTG may provide a solution for initial singularity problem [11] . Applying some restrictions on parameters of gravitational lagrangians of GTG the first order differential equations [12] were found as a generalization of Friedmann cosmological equations. These Generalized Friedmann Equations (GFE) contain the only indefinite parameter β that is a combination of gravitational lagrangian coefficients, having a dimension of inverse energy density. GFE solutions have essentially non-einsteinian behavior when the energy density exceeds the critical value β −1 from the one hand and practically coincide with usual Friedmann solutions of GR when the energy density is sufficiently small being compared to β −1 on the other hand. In the latter case torsion and nonmetricity vanish.
There are two types of nonsingular solutions of cosmological equations of GTG for the Universe filled by scalar field. First type is nonsingular inflationary solutions [13] with expansion stage similar to chaotic inflation [3] . Contraction stage in such models is exponential as well. The second type of solutions is oscillating models [14] .
All nonsingular solutions of GTG in the case of scalar field as a matter source were obtained for simple effective potentials. It is generally assumed that symmetry breaking processes occurred in the early Universe. It would be interesting to obtain and study nonsingular solutions with more realistic potentials in different symmetry states of the scalar field.
The purpose of this paper is to analyze cosmological models with Higgs effective potential of the scalar field with finite temperature corrections in order to study different symmetry state cases at the moment of bounce.
The paper is organized as follows. In the section two cosmological equations in the Universe with scalar field described by cosmological equations of GTG are presented. In section three initial conditions for nonsingular Universe with scalar field are discussed. In section four cosmological models with Higgs effective potential and different symmetry states are considered. Numerical nonsingular solutions are presented. Conclusions follow in the last section.
Cosmological equations
Homogeneous isotropic models in GTG are described by GFE [12] 
where R(t) is the scale factor in the Robertson-Walker metric, k = −1, 0, +1 for open, flat and closed models respectively, M p is planckian mass, ρ(t) and p(t) are energy density and pressure, β is indefinite parameter, and a dot denotes the differentiation with respect to time 1 . Besides equations (1-2) gravitational equations of GTG lead to the following relation for torsion function S and nonmetricity function Q
The conservation law has the usual forṁ
where H(t) is a Hubble parameter.
In the case of classical scalar field minimally coupled to gravity the energy density and pressure are
where V (ϕ) is effective potential of the scalar field ϕ(t). Then taking into account (4-5) the cosmological equations (1-2) can be rewritten in the following way
where
dϕ 2 . The conservation law (4) in the case under consideration is reduced to the scalar field equationφ
3 Initial conditions for nonsingular Universe filled by the scalar field
High energy physics provides Higgs mechanism for mass generation [15] via spontaneous symmetry breaking. The theory of the early Universe is based on assumption that during universal expansion a sequence of symmetry breaking processes occurred when temperature dropped down enough. First it happened in grand unified theory (GUT), then in WeinbergSalam (WS) theory and finally chiral symmetry was broken [4] , [16] . In nonsingular Universe the temperature, energy density and curvature cannot exceed some maximal value. It is interesting, that from the point of view of observations the only clear fact is that in the past the temperature of the Universe was as high as several MeV's. This value is required by Big Bang nucleosynthesis theory that is confirmed by observations with excellent accuracy [16] . Higher values of temperature are preferred by, for instance, baryogenesis scenarios but are not observationally confirmed.
From the other hand, GR, GTG or any other classical theory of gravity are meaningful if quantum fluctuations of gravitational field strengths are small, i.e. when the temperature is below planckian value, 10
19 GeV. From experimental point of view, a deviation from Riemannian geometry is not observed. Parameter β that enters cosmological equations of GTG shows deviation from Riemannian geometry. In view of the lack of experimental constraints it can be considered as indefinite parameter.
Therefore, from the point of view of nonsingular cosmology the maximal temperature of the Universe could lay in the following wide bounds
19 GeV. This means quantum gravity is needed in order to describe at least a part of temporal evolution of the Universe, beginning of cosmological expansion and, possibly, end of contraction.
• T GU T < T M < T p , where T GU T ∼ 10 15 GeV is the temperature of phase transitions in GUT. In this case deviations from standard Big Bang cosmology happen at very short time interval.
• T W S < T M < T GU T , where T W S ∼ 10 2 GeV is the temperature of phase transitions in WS theory.
• T M < T W S . In this case it could be difficult to obtain baryonic asymmetry in the Universe.
Usually it is assumed that phase transitions at GUT scale are first order transitions, when scalar field tunnels quantum mechanically from the metastable vacuum state into the stable state. Such transitions happen in supercooled Universe. This process was thought to be responsible for inflation [17] . On the contrary, second order phase transitions could happened at EW energy scale with continuous changing of the scalar field [18] .
In nonsingular cosmological models situation may be different. Indeed, initial conditions at the bounce depend on preceding evolution of the Universe at contraction stage. The kinetic part of the energy density is not necessary zero at the bounce. In flat-type cosmological models with massive scalar field [19] the most probable effective equation of state for the scalar field is p = ρ/3, and kinetic part of the energy density is large.
The scalar field may move classically through potential barrier because it simply has enough kinetic energy. As a consequence, probability of first order phase transitions in nonsingular models is smaller than in singular models within GR. Therefore, below we consider only second order phase transitions.
Symmetry restoration and the transition from contraction to expansion
Consider a single massive scalar field with ϕ 4 self interaction described by the effective potential
where λ is a coupling constant, −µ 2 is scalar field mass and V 0 is a constant. One-loop temperature corrections to this potential in the range T ≫ µ 2 give [20]
where T is a temperature. For this potential a critical temperature
exists so that for T > T c the symmetry is restored and for T < T c the symmetry is broken. The potential vanishes at the minima so the constant V 0 is
In order to take into account temperature we add into the model radiation assuming thermodynamical equilibrium between scalar field and radiation. The latter has usual equation of state p r = ρ r /3 and the energy density
Energy conservation leads to the following equatioṅ
There are three cases, depending on the maximum value of temperature. In the first case, when the temperature exceeds the critical value T c the transition from contraction to expansion occurs when the symmetry is restored and the effective potential in the limit of large ϕ has the simple form
There is also the case, when the symmetry is never restored in the system, i.e. the temperature always lays below T c . The Higgs potential then have a double-well form and assuming that the scalar field is always smaller than the value of a local maximum of the effective potential it can be approximated as a quadratic potential with shifted minimum from ϕ = 0
where σ = ±µλ −1/2 is a constant and m 2 = 2µ 2 . For potentials (15) and (16) nonsingular cosmological solutions were obtained for the first time in [13] and discussed in details in [21] , [22] in the case ϕ > M p . In [14] for the same potentials oscillating solutions were obtained in the case ϕ < M p . The typical oscillating solution in the case of closed model is shown at fig.1 . Initial conditions for this solution are λ = 10
p . It is interesting to note, that oscillating character of cosmological solutions remains if radiation is present in addition to scalar field and even if its energy density exceeds the energy density of the scalar field. Therefore oscillating solutions have Friedmann asymptotics and can be used in order to build nonsingular cosmological models.
Finally, the symmetry of the scalar field can be restored simultaneously with the bounce. One has to use the effective potential with temperature corrections (10) to obtain solutions in this case.
Cosmological equations of GTG for the scalar field with effective potential (10) and radiation are integrated numerically. Initial conditions are chosen at the moment t = 0 when H = 0 andḢ > 0. p . It can be seen, that scalar field oscillates near minima of the effective potential. At the stage of contraction it oscillates near the right minimum. The temperature grows and when the symmetry is restored, the true minimum disappears. The field starts to oscillate near the minimum at ϕ = 0. The transition from contraction to expansion takes place. Now, temperature starts to fall down, the symmetry breaks down and the true minima appear again. However, the scalar field falls to the left minimum of the effective potential.
In nonsingular solutions with different initial conditions oscillations of the Hubble parameter could be large enough to change its sign and the Universe could oscillate during transition from contraction to expansion. In some solutions the scalar field do not jump to another minimum of the effective potential at expansion stage and goes back to the same minimum.
For solutions of this type inflation takes place unlike oscillating ones [14] . The temperature is not exactly zero even at late times, so that vacuum energy is not exactly zero. Moreover, scalar field kinetic energy is always much less that the energy, concentrated in the effective potential. The energy density of radiation drops much faster than the energy density of scalar field. Inflation never finishes and solutions approach de-Sitter Universe.
In realistic theories particle creation follows inflation and it is interesting to study particle creation processes at quasi-de-Sitter stage of expansion, as well as at the stage of contraction.
It is interesting to note that within the framework of GR nonsingular solutions for ϕ < M p are absent. There are solutions for ϕ > M p but they cannot be used in order to build nonsingular models since their measure is equal to zero. The same result takes place for nonsingular solutions in GTG for ϕ > M p in the case of flat models [19] and it is interesting to study the question for solutions discussed in this paper.
Obtained solutions are similar in the case when the symmetry is restored and when it is broken; they both have oscillating behavior. In the intermediate case, i.e. when the phase transition takes place close to the moment of bounce different solutions were obtained with quasi-de-Sitter asymptotic.
Solutions with quasi-de-Sitter asymptotic are quite similar to inflationary solutions. However, oscillations of scalar field in our solutions take place in quasi-exponentially expanding Universe, but not in usual Friedmann Universe, as it happens in the case of inflationary solutions of GR. Thus the usual mechanism of reheating is inefficient here because reheating never stops.
Conclusions
Nonsingular solutions are obtained and discussed for different symmetry states of the scalar field in the Higgs model with temperature corrections. Oscillating solutions take place when the symmetry in the system is restored and broken. When the second order phase transition takes place during transition from contraction to expansion inflationary solutions were obtained with quasi-de-Sitter contraction stage.
